The theoretical investigations of the superconducting state parameters (SSP) viz. electron-phonon coupling strength λ, Coulomb pseudopotential µ * , transition temperature T C , isotope effect exponent α and effective interaction strength N O V of six binary La 100−C Ga C (C =16, 20, 22, 24, 26 and 28 at. %) metallic glasses have been reported using Ashcroft's empty core (EMC) model potential for the first time. Five local field correction functions proposed by Hartree (H), Taylor (T), Ichimaru-Utsumi (IU), Farid et al. (F) and Sarkar et al. (S) are used in the present investigation to study the screening influence on the aforesaid properties. It is observed that the electron-phonon coupling strength λ and the transition temperature T C are quite sensitive to the selection of the local field correction functions, whereas the Coulomb pseudopotential µ * , isotope effect exponent α and effective interaction strength N O V show weak dependences on the local field correction functions. The T C obtained from H-local field correction function are found in qualitative agreement with available experimental data and show almost linear nature with the concentration (C ) of 'Ga' element. A linear T C equation is proposed by fitting the present outcomes for H-local field correction function, which is in conformity with other results for the experimental data. Also, the present results are found to be in qualitative agreement with other such earlier reported data, which confirms the superconducting phase in the metallic glasses.
Introduction
Over several decades, considerable theoretical development has taken place in the field of disordered condensed matter physics. Generally, in this field the disorder means it is a periodic random structure. The few examples of this system are crystals with impurities, liquid metals, bi-nary alloys, metallic glasses etc. The disordered materials are also known as non-crystalline materials. Moreover, the metallic glasses play an important role in the field of materials science and engineering, which opens the door to research for both theoretical and experimental researchers. Such solids have electronic properties normally associated with metals but the atomic arrangement is not periodic. The binary metallic glasses made up of two components of metals provide a physically interesting system for theoretical investigations. Also, the field of electron correlation in condensed matter, espe-cially superconductivity, is one of the dynamic areas in condensed matter physics which involves discoveries of new and existing phenomena, novel materials and devices for sophisticated technological applications. During the last few years, superconducting metallic glasses based on various simple and transition metals have been obtained and studied by various researchers. The study of the SSP of the metallic glasses may be of great help in deciding their applications; the study of the dependence of the transition temperature T C on the composition of metallic glass is helpful in finding new superconductors with a high T C . Experiments also show that the superconducting transition temperature T C is greater for amorphous metals than for crystals, which also depends on the composition of the metallic elements in the crystalline as well as the amorphous phases . Though the pseudopotential theory is found to be very successful in studying the various properties of the metallic glasses, there are very few scattered attempts to study the superconducting state parameters (SSP) of binary metallic glasses based on model potential . The application of pseudopotential to a binary metallic glass involves the assumption of pseudoions with average properties, which are assumed to replace two types of ions in the binary systems, and a gas of free electrons is assumed to permeate through them. The electron-pseudoion is accounted for by the pseudopotential and the electron-electron interaction is involved through a dielectric screening function. For successful prediction of the superconducting properties of the metallic glasses, the proper selection of the pseudopotential and screening function is an indispensable necessity . Out of the numerous metallic glasses, the SSP of only a few metallic glasses are currently reported based on the pseudopotential. Recently, we have studied the SSP of some metallic superconductors using a single parametric model potential formalism [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
The study on SSP of Cu-Zr binary metallic glasses was made by Sharma et al. [20] [21] [22] . The SSP of Be-Al metallic glass has been reported by Sharma and co-workers [23, 24] . The SSP of Ca 70 Mg 30 metallic glass has been reported by Gupta et al. [25] and Sharma et al. [26] . The study on SSP of Mg 70 Zn 30 glass was made by Agarwal et al. [27] and Gupta et al. [28] . They have utilized Ashcroft's empty core (EMC) model potential [30] [37] local field correction functions in their computation of the SSP of binary metallic glasses.
In most of the above mentioned studies on SSP of binary metallic glasses [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , the Vegard's law was used to calculate electron-ion interaction from the potential of the pure components. Also in metallic glasses, the translational symmetry is broken, and therefore, the momentum (or quasi-momentum) should not be used to describe the state of the system. The virtual crystal approximation enables us to keep the concept of the momentum only in an approximate way. But it is well established that pseudo-alloy-atom (PAA) is a more meaningful approach to explaining such kind of interactions in binary systems [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In the PAA approach a hypothetical monoatomic crystal is supposed to be composed of pseudo-alloy-atoms, which occupy the lattice sites and from a perfect lattice in the same way as pure metals. In this model the hypothetical crystal made up of PAA is supposed to have the same properties as the actual disordered alloy material and the pseudopotential theory is then applied to studying various properties of an alloy and amorphous alloy [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The complete miscibility in the glassy alloy systems is considered to be a rare case. Therefore, in such binary systems the atomic matrix elements in the pure states are affected by the characteristics of alloys such as lattice distortion effects and charging effects. In the PAA model, such effects are involved implicitly. In addition to this it also takes into account the self-consistent treatment implicitly [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Hence, we thought it worthwhile to apply PAA model to investigate the SSP of six binary La 100−C Ga C (C =16 26 and La 72 Ga 28 metallic glasses for the first time. Also, 'Ga' being a good conductor that exhibits conditional superconducting nature, while 'La' being an actinide element and also exhibits superconducting nature in normal conditions, this class of glasses may be quite suitable for industrial applications. Hence, in the present article, we decided to study the SSP viz. electron-phonon coupling strength λ, Coulomb pseudopotential µ * , transition temperature T C , isotope effect exponent α and effective interaction strength N O V of six binary La 100−C Ga C C = metallic glasses on the basis of Ashcroft's empty core (EMC) potential [30] .
The theoretical investigations of the SSP of the metallic glasses used in the present computation are almost negligible in the literature. To our knowledge the theoretical studies of the SSP of the metallic glasses used in this investigation have not previously been reported. Hence, our main aim of the present article is that, the theoretical investigation of the SSP of binary metallic glasses used in the present computation are reported for the first time. Also, our main intention is to verify the applicabil-ity of various forms of the local field correction as well as to predict the values of SSP, which have not been measured before using well known and up to date local field correction functions.
Computational methodology
In the present investigation for binary metallic glasses, the electron-phonon coupling strength λ is computed using the relation 
Here is the band mass, M the ionic mass, Ω O the atomic volume, F the Fermi wave vector, V ( ) the screened pseudopotential and ω 2 the averaged square phonon frequency, of the binary glassy alloy, respectively. Using X = /2 F and Ω O = 3π 2 Z /( F ) 3 , we get Eq. (1) in the following form,
where Z , W (X ) is the valence of the metallic glasses and the screened Ashcroft's empty core pseudopotential [30] for binary mixture, respectively. The well known screened Ashcroft's empty core (EMC) model potential [30] used in the present computations of the SSP of binary metallic glasses is of the form,
here C is the parameter of the model potential of binary metallic glasses. The Ashcroft's empty core (EMC) model potential is a simple one-parameter model potential [30] , which has been successfully found for various metallic complexes . When used with suitable forms of dielectric screening functions, this potential has been found to yield good results in computing the SSP of metallic glasses . Therefore, in the present work we use the Ashcroft's empty core (EMC) model potential with Hartree (H) [33] , Taylor is fitted in such a way that, the presently computed values of the transition temperature T C of the metallic glasses obtained from all local field correction functions are found in close agreement with the experimental data [38] of T C for metallic glasses which are available in the literature. After fitting the model potential parameter C , the same C is then used in the computation of the SSP of binary metallic glasses. The Coulomb pseudopotential µ * is given by 
Where E F is the Fermi energy and ε (X ) is the modified Hartree dielectric function, which is written as [33] Here ε H (X ) is the static Hartree dielectric function [33] and the expression of ε H (X ) is given by [33] ,
While (X ) is the local field correction function. In the present investigation, the local field correction functions due to H [33] , T [34] , IU [35] , F [36] and S [37] are incorporated to see the impact of exchange and correlation effects. The details of all the local field corrections are below. The H-screening function [33] is purely static, and it does not include the exchange and correlation effects. The expression this is, ( ) = 0
Taylor (T) [34] has introduced an analytical expression for the local field correction function, which satisfies the compressibility sum rule exactly. This is the most commonly used local field correction function and covers the overall features of the various local field correction functions proposed before 1972. According to Taylor (T) [34] ,
The Ichimaru-Utsumi (IU) local field correction function [35] is a fitting formula for the dielectric screening function of the degenerate electron liquids at metallic and lower densities, which accurately reproduces the MonteCarlo results as well as satisfying the self consistency condition in the compressibility sum rule and short range correlations. The fitting formula is
On the basis of Ichimaru-Utsumi (IU) [35] and Farid et al. (F) [36] has yielded a local field correction function of the form
Based on Eqs. (9)- (10) 
The expression for the effective interaction strength N O V is studied using 
Results and discussion
The values of the input parameters for the La 100−C Ga C metallic glasses under investigation are obtained from the relevant values for the two components by using the pseudo-alloy-atom (PAA) model, the following definitions are adopted and assembled in Table 1 ,
Where A and B are denoted the first (La) and second (Ga) pure metallic components and C the concentration factor of the second metallic component. The graphical representation of the model potential parameter C with the concentration (C ) of 'Ga' (in at. %) is plotted in Fig. 1 . It is noticed from Fig. 1 that, the polynomial nature is observed for the model potential parameter C with the concentration (C ) of 'Ga' (in at. %).
The calculated results of the SSP are tabulated in Table  2 with the experimental data [38] . The graphical analyses of the SSP of La 100−C Ga C binary systems are also plotted in Figs. 2-6 . The computed values of the electron-phonon coupling strength λ for six La 100−C Ga C binary metallic glasses, using five different types of the local field correction functions with EMC model potential, are shown in Table 2 with other such experimental data [38] . Also, the graphical variation of λ with the concentration (C ) of 'Ga' (in at. %) is shown for different types of the local field correction function in Fig. 2 . It is noticed from Table 2 and Fig. 2 that, λ vales are quite sensitive to the local field correction functions. Also, the percentile influence of the various local field correction functions with respect to the static H-screening function on the electronphonon coupling strength λ is 29.40%-61.14%. Here, the H-screening yields lowest values of λ, whereas the values obtained from the F-function are the highest. It is also observed from Table 2 and Fig. 2 that, λ goes on decreasing from the values of 1.1510→0.6401 as the concentration (C ) of 'Ga' is increased from 0.16→0.28. The decrease in λ with concentration (C ) of 'Ga' shows a grad- ual transition from weak coupling behaviour to intermediate coupling behaviour of electrons and phonons, which may be attributed to an increase of the hybridization of sp-d electrons of 'Ga' with increasing concentration (C ). This may also be attributed to the increased role of ionic vibrations in the 'Ga' rich region. The theoretical data of the electron-phonon coupling strength λ is not available for further comparisons. The electron-phonon coupling [38] , respectively.
The computed values of the Coulomb pseudopotential µ * , which accounts for the Coulomb interaction between the conduction electrons, obtained from the various forms of the local field correction functions are tabulated in Table  2 . It is observed from Table 2 that is not available for further comparisons in the literature. Table 2 contains calculated values of the transition temperature T C for La 100−C Ga C binary metallic glasses us- ing various forms of the local field correction functions along with the experimental data [38] . From Table 2 it is noted that, the static H-screening function yields lowest T C whereas the F-function yields highest values of T C . The present results obtained from the H-local field correction function are found to be in qualitative agreement with available experimental data [38] . The variation of the computed values of the transition temperature T C for La 100−C Ga C metallic glasses with the atomic concentration (C ) of 'Ga' (at. %), using five different types of the local field correction functions with EMC potential are shown in Fig. 4 . The graph also includes the experimental values due to Mizutani [38] . It is seen that T C is quite sensitive to the local field correction functions, and the results of T C by using H-screening are found in qualitative agreement with the experimental data [38] for the La 100−C Ga C metallic glasses under investigation, as the relevant curves for H-screening almost overlaps the experimental curves. It is noticed from the present study that, the percentile influence of the various local field correction functions with respect to the static H-screening function on the electron-phonon coupling strength T C is 79. 43%-193 [38] , respectively. The theoretical data of T C is not available for the further comparisons or remarks. It is also seen from the graphical nature that, T C decreases almost linearly with increasing Ga-concentration (C ). The composition dependence can be described by linear regression of the data obtained for H-screening for different values of the concentration (C ), which yields
The graph of the fitted T C equation is displayed in Fig.  4 , which indicates that T C drops almost linearly with increasing 'Ga' content with a slope T C / C = −0 0678. Wide extrapolation predicts a T C = 5.1255 K for the hypothetical case of 'amorphous pure Ga'. The T C is found to be in a range which is suitable for further exploration of the applications of these metallic glasses for such use as lossless transmission line for cryogenic applications. While metallic glasses show good elasticity and could be drawn in the form of wires and as such they have a good chance of being used as superconducting transmission lines at low temperature of the order of 7 K. The values of the isotope effect exponent α for La 100−C Ga C metallic glasses are tabulated in Table 2 . Fig. 5 depicts the variation of α with Ga-concentration (C ) increases (or as the 'La' concentration decreases). The computed values of α show a weak dependence on the dielectric screening, its value is lowest for the H-screening function and highest for the F-function. Since the theoretical or experimental value of α has not been reported in the literature so far, the present data of α may be used for the study of ionic vibrations in the superconductivity of amorphous substances. Since H-local field correction function yields the best results for λ and T C , it may be observed that α values obtained from this screening provide the best account for the role of the ionic vibrations in superconducting behaviour of these systems. The most important feature noted here is that as the concentration (C ) of 'Ga' (in at. %) increases the present results of α decreases sharply. The values of the exponent α depend on the average enhancement factor (1 + λ), which give a little higher values. The values of the effective interaction strength N O V are listed in Table 2 Figs. 1-6 it is observed that at 22% atomic concentration (C ) of 'Ga' for most of the La 100−C Ga C binary metallic glasses, electron-phonon coupling strength λ, transition temperature T C , isotope effect exponent αand effective interaction strength N O V show sharp minima. It is suggested that these alloys are considered to be in the spin glass or mictomagnetic state. It means that, at this concentration point, the magnetic state changes from ferromagnetism to mictomagnetism. Thereafter, the binary alloys shows ferromagnetic nature. This may be due to the 'La' metallic element exhibiting strong magnetic behaviour [38] . This is a main conclusion obtained from the present study.
It is evident from the present results that, the closest agreement with experimental values of the superconducting critical or transition temperature is obtained in the various simplest and crudest approximation for the dielectric functions in the Hartree (H) approximation. The more elaborate approaches accounting for correlations and local field corrections give significantly different results for T C . This may suggest that utilization of the empty core approximation is not a very useful or universal approach. But, the present study is providing more general way to compute the superconducting properties in most of the metallic substances.
